ABSTRACT: Proton ENDOR spectroscopy was used to monitor local conformational changes in bacterial reaction centers (RC) associated with the electron-transfer reaction DQ B f D +• Q B -• using mutant RCs capable of photoreducing Q B at cryogenic temperatures. The charge separated state D +• Q B -• was studied in mutant RCs formed by either (i) illuminating at low temperature (77 K) a sample frozen in the dark (ground state protein conformation) or (ii) illuminating at room temperature prior to and during freezing (charge separated state protein conformation). The charge recombination rates from the two states differed greatly (>10 6 fold) as shown previously, indicating a structural change (Paddock et al. (2006) Biochemistry 45, 14032-14042). ENDOR spectra of Q B -• from both samples (35 GHz, 77 K) showed several H-bond hyperfine couplings that were similar to those for Q B -• in native RCs indicating that in all RCs, Q B -• was located at the proximal position near the metal site. In contrast, one set of hyperfine couplings were not observed in the dark frozen samples but were observed only in samples frozen under illumination in which the protein can relax prior to freezing. This flexible H-bond was assigned to an interaction between the Ser-L223 hydroxyl and Q B -• on the basis of its absence in Ser L223 f Ala mutant RCs. Thus, part of the protein relaxation, in response to light induced charge separation, involves the formation of an H-bond between the OH group of Ser-L223 and the anionic semiquinone Q B -• . These results show the flexibility of the Ser-L223 H-bond, which is essential for its function in proton transfer to reduced Q B .
Conformational changes in protein structure associated with electron-transfer reactions play an important role in stabilizing the resultant charge separated state and determining the rates of electron transfer (1) (2) (3) . In photosynthetic bacteria, reaction centers (RCs 1 ) perform the initial photochemical reactions in photosynthesis (see, e.g., refs 4 and 5) resulting in the light induced reduction of a bound quinone, Q B . The reduction of Q B clearly demonstrates the influence of conformational dynamics on electron transfer. The overall reaction is shown by the solid curves in Figure 1 . The first step is the initial photochemistry, a rapid (τ ) 10 -10 s) light induced electron transfer from a electron donor species D (a bacteriochlorophyll dimer) along the A-branch (one of two pseudo-symmetric pathways) through a series of acceptor molecules bacteriochlorphyll, B A , and bacteriopheophytin, H A , to a tightly bound quinone, Q A ( Figure 1 ). This is followed by a slower (τ ) 10 , is coupled to protein dynamics as shown by several experimental observations (for a review see ref 9) . First, the rate of reaction is dependent on protein structure as illustrated by the effects of cross-linking (10) , embedding in a polymer matrix (11) , and hydration (12) . Second, the rate is independent of the driving force (13) , showing that electron transfer is not the rate-limiting step, indicating a conformational gating mechanism. Third, large differences in the rate of electron transfer at cryogenic temperature were found depending upon whether RCs are frozen in the light or in the dark, indicating that a structural change between the neutral and charge separated states is important for electron transfer (14, 15) . In the present study, we use ENDOR spectroscopy (electron nuclear double resonance) (see, e.g., 16 and 17) to examine the differences in local structure near Q B between the neutral and charge separated states trapped at cryogenic temperatures in order to understand the structural changes associated with the reduction of Q B that may contribute to the conformational gating of electron transfer.
Studies conducted on protein samples frozen at cryogenic temperatures served to elucidate the importance of conformational effects on reaction dynamics. In early studies, large differences in transfer rates were observed between RCs frozen in the light or in the dark (14, 15, 18) . For RCs frozen in the dark and illuminated at cryogenic temperatures, the reaction k AB (1) became slower as the temperature decreased and did not appreciably occur below 150 K. However, if RCs were illuminated during the freezing process in the D +• Q B -• state and the charges were allowed to recombine without thawing, photochemical electron transfer at cryogenic temperatures was observed (15, 18) , showing that a change in a structure has occurred between the neutral state and the charge separated state. The X-ray crystal structure of RCs frozen in the light (Q B
) and frozen in the dark (Q B ) showed a large change in the position of the quinone head group. Q B -• was displaced by ∼5 Å to a proximal position from the prevalent distal position observed for Q B . In this proximal position, Q B -• could form four H-bonds to protein groups ( Figure 2 ) (6) .
The large change in the position of the quinone head group suggested that the movement of Q B from the distal to the proximal position is a possible mechanism for conformational gating of the electron transfer to Q B (8, 9) . Arguments against this process being rate limiting were the finding that the rate was independent of the tail length of the quinone molecule (13, 19) and the finding that a mutant having Q B bound in the proximal site retained a slower gated rate (20) . In addition, infrared studies suggest that at room temperature Q B is predominantly in the proximal site (21) . These results suggested that additional conformational changes besides the quinone movement must contribute to the reaction.
An additional model for the conformational gate is that the protein structure alters the free energy of electron transfer from Q A -• to Q B . In this model, the free energy is unfavorable with the protein in the unrelaxed structure near Q B (RCs frozen in the dark). It becomes favorable as the protein and solvent relax into a conformation that stabilizes the charge separated state (reflected in the RCs frozen in the light). In order to test this hypothesis, we have studied the reduction of Q B using RCs mutants that are modified to allow direct electron transfer to Q B from the B-branch bacteriopheophytin located close to Q B (see red curved arrow in Figure 1 ). Using the higher driving force for electron-transfer, it was possible to form the charge separated state D +• Q B -• in RCs frozen in the less thermodynamically favorable unrelaxed conformation of the dark (7) . In this way, it was possible to monitor the differences between the stability of the charge separated D +• Q B -• states and measure the EPR and ENDOR spectra for RCs frozen in the unrelaxed (dark frozen) and relaxed (light frozen) conformations.
In a previous article (7), we showed that the lifetime of the charge separated state
, which is dependent on the stabilization of Q B -• , was dramatically effected by the conditions of its formation. In a dark frozen sample (77 K), charge separation occurred in a minor fraction (∼30%) of the sample with a lifetime of ∼6s. In a sample frozen under illumination, D +• Q B -• was formed in the entire sample with a lifetime exceeding 10 7 s (77 K) (7) . Thus, the protein response, which was prevented by freezing in the dark in the former sample, resulted in a > 10 6 -fold difference in the lifetime at 77 K. For simplicity, we shall refer to samples prepared in that manner as unrelaxed (frozen in the dark) and relaxed (in which illumination occurred prior to freezing, allowing the protein to respond/relax). In those studies, Q B -• FIGURE 1: Structure of cofactors embedded within the RC protein matrix (pdb ID code 1AIG, ref 6). The normal path for electron transfer to Q B occurs predominantly along the A-branch from D to Q A then Q B (solid black arrows). The nearly symmetric cofactors along the B-branch are normally inactive in electron transfer. However, direct electron transfer to Q B along the B-branch (red lines) can be observed in Quint RCs (B-branch mutant used in this work), which lack Q A and have mutations that bias the electron transfer through the B-branch (7). were formed by electron transfer from BPhe B , in a mutant designed to increase the efficiency of B-branch electron transfer (described in ref 22) . This mutant RC carried the Ala-M260 f Trp replacement designed to remove Q A (22) (23) (24) , thereby creating an RC system without an admixture of Q A -• . In this work, we extend the previous EPR studies by using ENDOR spectroscopy at 35 GHz to examine the local structure near Q B -• in both the relaxed and unrelaxed protein conformations. ENDOR spectroscopy can be used to determine positions of protons that are not observable with X-ray crystallography and is particularly well suited for the examination of detailed interactions between a radical cofactor and its protein surrounding (see, e.g., ref 25) . Interactions between the magnetic moment of the unpaired electron of the radical and magnetic moments of protons (nuclei) from the surrounding protein are detected with a spatial resolution approaching 0.03 Å (see, e.g., ref 26) . Thus, ENDOR can provide a precise measure of the binding position and details on the interactions of Q B -• in its binding pocket (Figure 2 ). At 35 GHz, the 1 H ENDOR signals resulting from interactions between Q B -• and the protein are spectrally separated from those associated with D +• . The 1 H ENDOR spectra of the relaxed and unrelaxed states were measured and differences between them discussed, and the implications for the catalytic functions (i.e., reduction and protonation) of Q B are also discussed.
MATERIALS AND METHODS

Construction and Purification of the Quintuple B-Branch
Mutant RCs. The construction and purification of the B-branch mutant was previously described (22) . The mutant RC contained the following changes: GCC f TGG (Ala-M260 f Trp), CTG f CAC (Leu-M214 f His), TAC f TTC (Tyr-M210 f Phe), GGT f GAC (Gly-M203 f Asp), TTC f TAC (Phe-L181 f Tyr), and in one mutant TCG f GCC (Ser-L223 f Ala). RCs were purified as previously described (27) .
Biochemical Zn 2+ Replacement. To perform EPR and ENDOR spectroscopic studies on Q B -• , the high spin Fe 2+ was removed and replaced with diamagnetic Zn 2+ as described by Debus et al. (28) and as modified by Utschig et al. (29) . Protonated quinone/semiquinone was removed from the Q B site by incubating for 30 min in 100 mM Caps at pH 11 and 100 µM ferricyanide (to oxidize the fraction of Q B -• present in the dark), and 2% LDAO and 100 mM o-phenanthroline (to displace UQ 10 ). The RCs were bound to a DEAE column and rinsed with 10 column volumes of 10 mM Caps at pH 11, 10 µM ferricyanide, and 100 mM o-phenanthroline, and then with 10 column volumes 10 mM Tris at pH 8, 0.025% LDAO, and 1 mM EDTA. The B-branch mutant RCs were reconstituted with ∼3-fold excess of deuterated UQ 10 in 1% LDAO to occupy the Q B site followed by dialysis against TMK (2 mM Tris-HCl at pH 8, 0.04% -D-maltoside, and 5 mM KCl). The Q B site of the native RC was reconstituted with 10-fold excess of deuterated UQ 10 in 1% LDAO, diluted 4-fold, and concentrated in an Amicon concentrator. The concentrated material was then used to make EPR and ENDOR samples with the intent of minimizing incubation that would allow the exchange of protonated quinone from the Q A site.
35GHz EPR and 1 H ENDOR Measurements. EPR and ENDOR spectroscopy were performed at a microwave frequency of 35 GHz at T ) 77 K as previously described (30) . For the B-branch mutant RC, two parallel samples were made from the same RC material (at ∼100-700 µM RC). One was frozen in liquid nitrogen in the dark. The other was illuminated by a projector (∼1 W/cm 2 , ∼5 s) and frozen in liquid nitrogen under illumination. A similar projector was used to illuminate the sample in the magnetic resonance cavity to generate the charge separated state in the sample frozen in the dark. For the native RC, the D +• Q A -• state was produced by chemical reduction as described (30) . The D +• Q B -• state was produced by illuminating with a projector (∼1 W/cm 2 , ∼1 s) and freezing in liquid nitrogen under illumination.
THEORY
ENDOR spectroscopy utilizes radio frequency radiation to excite nuclear magnetic resonance transitions that are detected by changes in the EPR signal of an interacting electron spin (16, 17) . ENDOR spectra are plots of the EPR signal amplitude versus the frequency of the applied radio frequency radiation used to modulate the proton spin. The simplest ENDOR spectrum of a single proton interacting with an electron spin for a molecule in a fixed orientation such as that in a crystal consists of two lines centered symmetrically around the free proton frequency, υ free , where A is the hyperfine coupling due to the interaction between the nuclear spin and electron spin (eq 1). The larger the coupling, the larger the interaction and most likely the smaller the distance between the proton and electron spin.
where ν is the peak frequency, ν free the free proton frequency, and A the hyperfine coupling constant.
The ENDOR spectra due to interactions between H-bonded protons and the semiquinone have been extensively described (25) . In its simplest form, the ENDOR spectra from Hbonded protons arise from the magnetic dipole interaction between the nuclear spin of the proton with the electron spin at the H-bonded oxygen on the quinone. The interaction is anisotropic, that is, it depends on the orientation of the magnetic field vector with respect to the H-bond direction. For a randomly oriented sample such as that used in this study, the powder pattern ENDOR spectrum due to a single proton shows resonances at many frequencies because of the different orientations of the molecule in the magnetic field. At the magnetic field position corresponding to g y , the spectrum corresponds to a two-dimensional powder-type spectrum, with weighted contributions mainly from all inplane directions, providing little field selection (see, e.g., ref 26) . The major features of the spectra are four peaks with two peaks below the free proton frequency and two peaks above the free proton frequency symmetrically spaced around the free proton frequency. The larger coupling, A | , is from an orientation in which the magnetic field is parallel to the H-bond direction, and the smaller coupling, A ⊥ , is from an orientation in which the magnetic field is perpendicular to the H-bond direction. For the case where the interaction is due to a magnetic dipolar interaction alone (i.e., no isotropic
coupling due to covalency), the principal values are related by a factor of 2 such that A | ) -2A ⊥ (25) . For this simple case, the value of the hyperfine coupling is given by eq 2 as follows:
where r is the distance in Å between the proton and oxygen, F is the spin density on the oxygen, and δ is the angle between the magnetic field and the H-bond direction. For A | , δ ) 0, and for A ⊥ , δ ) 90°. The simple point dipole model adequately describes some systems such as (within 5%) benzosemiquinones in solution (see, e.g.,
ref 31).
However, recent studies of the interaction of Q A -• with its two H-bonds in the RC showed that this simple picture must be modified because of the interaction with the His-Zn 2+ proton due to a significant isotropic coupling with the semiquinone. The point dipole approximation can also fail for the case where the direction of the H-bond significantly deviates from the plane of the quinone ring (26, 32) . . Similar EPR signals were seen in Quint RCs having the mutation Ser L223 f Ala that were frozen in the light. However, no light induced EPR signals were seen in these mutant RCs that were frozen in the dark.
RESULTS
EPR Spectra in the Frozen
H ENDOR Spectra of Q B -• in the Frozen State at 77 K in the B-Branch Mutant RC.
To investigate local structural changes that occur upon charge separation, 1 H ENDOR spectra of Q B -• were measured in the Quint RC frozen in the light and frozen in the dark. In addition, the ENDOR spectrum of Quint RCs having a mutation to the H-bond donor residue Ser L223 f Ala was measured in order to help identify ENDOR lines. The samples contained deuterated quinone. Thus, the proton ENDOR lines due to the protons on the quinone are eliminated, and only ENDOR lines contributed by the protein and solvent protons are expected. The samples were monitored at the magnetic field position corresponding to g y (see arrow in The complete ENDOR spectra centered around the free proton frequency are displayed in Figure 4A . Lines with larger splittings (|A| > 3 MHz) are due to hydrogen bonding interactions (H-bonds) between the oxygen atoms of Q B -• and protons from the nearby protein (25) . Lines with smaller splittings (|A| < 3 MHz) due to weaker interactions of the quinone with more distant protons are seen in the matrix region (matrix). A few changes occurred in the matrix region. In particular, the lower frequency edge of the matrix region (52.2-52.5 MHz) differed between the Quint (light) and Quint (dark), and between these and the mutant RC with the additional SAL223 replacement. Assignments for these lines were not attempted because such lines are the result of interactions with numerous more distant protons. In addition, not all of the matrix protons were exchangeable, indicating contributions to the spectra of nonexchangeable side chain protons.
The low frequency side ENDOR spectra in the H-bonding region for the three samples are shown in Figure 4B . In the ENDOR spectrum of Quint RC frozen in the light, we tentatively assigned three pairs of lines to the A | and A ⊥ components of three H-bonds to Q B 
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Switch of the H-Bond of Ser-L223 to Semiquinone (Q Bon the basis of the previous site-directed mutagenesis experiments on Native RCs (34). The ENDOR spectrum of Q B -• in the H-bonding region in RCs frozen in the dark was similar to that of RCs frozen in the light, indicating that almost all of the H-bonds are present in both cases ( Figure 4B , DARK). However, peak 2 (and 2′), indicated by the arrow in Figure 4B , is present in the sample frozen in the light but is not present in the sample frozen in the dark. To help identify the missing peak, the ENDOR spectrum of the mutant RC containing the additional Ser-L223 f Ala replacement (SAL223) was measured. The ENDOR spectrum of the SAL223 mutant in the H-bond region is similar to that of the Quint RCs but lacks peak 2 (and 2′) ( Figure 4B, SAL223) . The absence of peak 2 in the SAL223 ENDOR spectrum shows that this peak is due to the H-bond from Ser L223.
H ENDOR Spectra of Q B
-• in the NatiVe RC. We wished to assess the similarity of the native Q B -• ENDOR spectra with that measured for the B-branch mutant for samples frozen under illumination. However, it was difficult to obtain a pure 1 H ENDOR spectrum of Q B -• of the native RC because of contributions from Q A -• in the sample due to the intrinsic equilibrium between Q A -• and Q B -• and a fraction of RCs that lack Q B . In order to remove the spectrum of Q A -• from the native ENDOR spectrum, we focused on the matrix region, which was expected to be very similar because it is composed of contributions of more distant protons that are essentially structurally the same in the native and mutant RCs (35) . Because of the reconstitution procedure, Q A almost exclusively contained the native (non-deuterated) Q 10 (spectrum shown in Figure 5A ). A fraction of the Q A -• spectrum was subtracted from the native OBS spectrum giving a DIFF spectrum ( Figure 5A , OBS) that resembled that of the B-branch mutant Q B -• in the matrix region ( Figure 4A , quintuple LIGHT). In particular, the peaks in the matrix region near 52.6 and 53.8 MHz were diagnostic of the Q A -• contribution to the observed spectrum. The resultant difference spectrum is shown labeled as DIFF in Figure 5 . This spectrum revealed peaks that were analogous to those observed in the 1 H-ENDOR Q B -• spectrum of the B-branch mutant RC frozen under illumination (Figure 4 , LIGHT). In particular, a peak analogous to that assigned to the hydroxyl group of Ser-L223 (arrow) was observed in the native sample ( Figure 5B) ; the slight shift in the position of the peak near 49.3 MHz could be the result of a small (<0.1Å) increase in the length of the H-bond in the native RC.
DISCUSSION
In this work, we used ENDOR spectroscopy to investigate the local changes in the protein that occur near Q B upon its reduction in the photosynthetic bacterial RC from Rhodobacter (Rb.) sphaeroides. Changes were observed that could contribute to the Figure 5B ) were very similar (with the exception of a single peak that is absent in RCs frozen in the dark). The similarity in the peak positions indicated that most of the H-bonds to the semiquinone were similar in all three RCs. Because the semiquinone Q B -• in native RCs was found to be in the proximal position in the X-ray crystal structure for the Native RC (6, 36), we conclude that in all cases Q B -• was located in the proximal binding site.
Q B -• Bound to the Distal Position Was Not ObserVed.
For the Quint RC frozen in the dark, it has been shown that only a fraction (∼30%) are in an active configuration capable of photochemical reduction of Q B (7). The results from this study indicated that this active configuration is one in which Q B is bound in the proximal site. The activity of Q B in the proximal site is probably due to the strong effect of the H-bonds in stabilizing the negative charge on the semiquinone in the charge separated state. The X-ray crystal structure of Quint RCs frozen in the dark showed that the predominant position of Q B was in the distal site (22) . Thus, these results show that Q B in the distal site is apparently not stably reduced. It was either not reduced efficiently by H B -• or was reduced but rapidly recombined resulting in a small (unobserved) steady-state population.
Assignment of the Mobile Proton upon Q B Reduction to Ser-L223.
Although the majority of the ENDOR lines in the H-bonding region were the same between the Quint (light) and Quint (dark), there was one peak indicated by an arrow (labeled 2) that was absent in the Quint (dark) ( Figure 4B) . Most of the H-bonds (from NH protons from backbone peptides of His) to the quinone bound in the proximal site are rigidly fixed in the protein structure, and their positions can be deduced from the X-ray crystal structure. In contrast, the hydroxyl group from Ser L223 can serve as an H-bond donor to either Q B or to Asp L213 (Figure 2) . Thus, the H-bond from Ser L223 cannot be determined by X-ray crystallography. The definitive assignment of the ENDOR line 2 to the hydroxyl proton of Ser-L223 came from studies on the effects of mutations on the observed spectrum. In the mutant RC with the additional Ser-L223 f Ala replacement, the peak was absent (see arrow in Figure 4B ). From this result, we concluded that this peak is due to the interaction from the hydroxyl proton of the Ser side chain.
The absence of peak 2 assigned to Ser L223 in the unrelaxed RC was attributed to a change in the position of the proton because of the switch in the H-bond from Q B -• to Asp L213. Because ENDOR is extremely sensitive to distance, an increase in the distance between the oxygen atom of Q B -• and the proton of as small as ∼1 Å would shift the peak from the H-bonding region to the matrix region ( Figure  4A ). Although the ENDOR spectrum in the matrix region is very congested and difficult to analyze, there are changes that could be due to movement of the H-bonded proton, for instance, the low-frequency peak at 52.25 MHz. Thus, the proton responsible for the ENDOR line had a hyperfine coupling of A | ) 8.0 MHz ((5%) in Quint (light) (i.e., the line is shifted (4.0 MHz from the free proton frequency of 53.25 MHz, to 49.25 MHz on the low frequency side shown in Figure 4B ) and a smaller coupling of most likely A | < 2 MHz in Quint (dark).
For a proton in a typical hydrogen bond, the point dipole approximation can be used to estimate the H-bonding distance from the value of the hyperfine interaction (eq 2). Using the apparent value of A | ) 8.0 MHz and previously determined values for the spin density (F ) 0.18) at the oxygen atom nearest Ser-L223 (see, e.g., ref 25) , we obtain from eq 2 a distance of 1.5 Å from the proton to the oxygen atom. Because this equation is known to underestimate the distance by ∼0.2 Å for the H-bonds to Q A -• (26, 32) , the real distance is slightly longer and closer to 1.7 Å, which is essentially an optimal hydrogen bond distance (see, e.g., ref  37) . Thus, the magnitude of the hyperfine interaction adds further support for the assignment of the line to the H-bond from Ser L223.
Ser-L223 Hydroxyl Proton ENDOR Line in the NatiVe RC. The Q B -• ENDOR spectrum of the native RC was determined for the relaxed protein conformation by subtracting the contribution due to Q A -• . The similarity of the native deconvoluted Q B -• spectrum in the H-bonding region ( Figure  5B ) to that measured in the B-branch mutant ( Figure 4B) showed that Q B -• has essentially the same H-bond interactions in both the native and mutant RCs. In particular, the peak assigned to the H-bond from Ser L223 is present in both native and Quint RCs frozen in the light. The small changes in the position of the ENDOR peaks in the H-bonding region (∼0.1-0.2 MHz) indicate slight changes in the H-bond juxtaposition (such as the change in distance as minor as ∼0.02 Å). These results indicate that in the relaxed protein conformation Q B -• was in the proximal position with an H-bond to Ser L223 in the native RC as well as in the Quint RC.
These results extend the previous findings by Utschig et al. (38) Gating of Electron Transfer. One of the unresolved questions related to the reduction of Q B is the nature of the conformational gate that limits its reduction via the prevalent A-branch. The sensitivity of ENDOR spectroscopy enables one to observe small changes in proton positions that are otherwise difficult to detect but possibly important for the energetics of enzymatic reactions. In this work, we observed a change in the H-bonding of Q B -• in response to its reduction using the quintuple mutant in which Q B was reduced via the B-branch. Electron transfer via the B-branch has a greater driving force, thereby allowing access to states that are otherwise inaccessible. We assigned the responsive H-bond to the hydroxyl group of Ser-L223. The overall similarity to the native ENDOR spectrum suggests that these results are applicable to the native RC. An increase in the stabilization of Q B -• could result from the formation of an H-bond to the Ser-L223 hydroxyl group and could explain (in part) the increased lifetime of the relaxed D +• Q B -• state. However, Ser-L223 H-bond formation is not by itself the conformational gate that limits Q B reduction via the Abranch because the observed electron-transfer rate remains very similar in a mutant in which Ser-L223 is replaced with Ala (39). Additional changes observed in the matrix region indicated that more distant protons have also responded to the charge separation. Further studies are needed to assign these lines to specific protons.
Effects of Protein Response on Functional Properties of Q B .
A major functional difference between the Quint RCs frozen in the dark and frozen in the light is the lifetimes of the charge separated states, which were found to be 6 s and >10 7 s, respectively (7). Similar long lived states have been observed by other authors for native RCs frozen under different illumination conditions (15, 18, 38, 40, 41) . In principle, the longer lifetime of the long lived state frozen in the light may be due to a reduced electron-transfer rate for the back electron-transfer reaction. This could result from either a change in electronic coupling or in the driving force (42) . Because the ENDOR spectra indicate that the location of Q B -• is the same for RCs frozen in the light or in the dark, it is unlikely that a change in electronic coupling alone could be large enough to account for the change in rate. A change in distance of greater than 5 Å would be required, which is inconsistent with ENDOR results. Thus, it seems that the stabilization of the charge separated state is due to a lowering in energy of the relaxed state.
Although it is tempting to ascribe the lowering in energy in the relaxed state to the switch of the Ser L223 H-bond, the H-bond energy is not sufficient to account for the observed change in the rate because we observed a long lifetime for the Quint mutant lacking Ser L223 (Figure 4) . Instead, it is likely that there are many changes that contribute to charge stabilization. Alexov and Gunner (43), Ishikita and Knapp (44) , and Zhu and Gunner (45) have provided possible molecular responses and a starting point for the discussion of molecular changes resulting from the reduction of Q B . In addition to the stabilizing effect of forming an H-bond to Q B -• from Ser L223, protonation of a cluster of acids near the Q B site could provide additional stability to the charge separated state. Furthermore, protonation of a water molecule in the Q B region was suggested on the basis of FTIR spectroscopy (46) . The overall stabilization is likely to be due to the sum of many contributions.
Our ENDOR results indicate the formation of an H-bond between Q B -• and Ser L223 at cryogenic temperatures. In contrast, FTIR studies suggest that the Q B -• is not H-bonded to Ser L223 at higher temperatures (>280 K) (47) . A possible resolution to this seemingly contradictory result is that H-bonding is temperature-dependent. If the Ser L223 does not form a H-bond to Q B -• , then it should be H-bonded to the nearby Asp-L213 (Figure 2) . The H-bond to Asp L213 should be especially favorable if Asp L213 is negatively charged as suggested by kinetic measurements (48, 49) and FTIR studies (50). The formation of an H-bond between Ser L223 and Q B -• at low temperature suggests that under these conditions Asp L213 is protonated. We suggest that the protonation of Asp L213 may also be present in the relaxation process ( Figure 6 ). The protonation of Asp L213 and other carboxylic acid residues in the region may contribute to the stabilization of Q B -• in the charge separated state at low temperature.
Role of Ser L223 in Proton Transfer. The H-bond from Ser L223 plays a crucial role in proton transfer to Q B -• associated with electron transfer. The mutation of Ser L223 to Ala drastically reduces the rate of proton coupled electron transfer that has been proposed to be due to the blocking of proton transfer to Q B -• (39). The mechanism of proton transfer in biological systems is believed to occur through a chain of H-bonded groups in series via a Grothuss mechanism (8, 51) . The Grothuss mechanism consists of two steps: (1) the transfer of protons across the H-bonds and (2) the rotation of the H-bond from one H-bond acceptor group to another to re-establish the starting H-bond pattern. The proton transfer to Q B -• can be seen as an extension of the proposed relaxation process in Figure 6 . The rotation of the H-bond from Asp L213 to Q B -• is followed by proton transfer, producing the protonated semiquinone Q B H
• . In the mechanism for proton coupled electron transfer to reduced Q B (52, 53) , the protonated semiquinone is not a stable species but is an intermediate state, present with low probability, that serves as the acceptor for electron transfer from Q A -• . The protonation step is crucial to establish a favorable driving force for electron transfer. Overall, the proton equilibrates rapidly and is not rate limiting. The rapid rate of proton transfer to Q B -• is greatly facilitated by the switching capability of the H-bond from Ser L223 (8, 43, 54, 55) .
SUMMARY AND CONCLUSIONS
In this work, we investigated the structural changes near the reduced quinone Q B -• that are associated with electron transfer to Q B in RCs. ENDOR spectroscopy was use to study the H-bond environment near the reduced quinone Q B -• generated by B-branch electron transfer in the mutant Quint RC that are frozen in the dark (neutral, un-relaxed state) and in the light (charge-separated, relaxed state). The ENDOR spectra in the H-bonding region of Q B -• formed by B-branch electron transfer in mutant RCs were mostly similar to those in native RCs formed via the conventional A-branch, indicating that Q B -• was in the proximal active binding position in all cases. We observed one notable difference between the ENDOR spectra of RCs frozen in the light and in the dark. A peak in the H-bonding region of the 1 H-ENDOR spectrum was observed in Quint RCs frozen in the light but absent in Quint RCs frozen in the dark. The peak was assigned to an H-bond from Ser L223 on the basis of its absence in Quint RCs carrying the additional mutation Ser L223 f Ala. From these results, we conclude that the H-bond from Ser L223 to Q B -• is formed upon Q B reduction. Although this switch in the H-bond position serves to stabilize the resulting semiquinone, other studies on mutant RCs lacking Ser L223 indicate that the formation of this H-bond is not solely responsible for stabilizing the charge separated state, nor does its absence change the rate-limiting conformational gating step of the Q B reduction. Rather, the H-bond formation is one of many changes, including protonation events and protein rearrangements, that contribute to charge stabilization and conformational gating. However, the switch of the H-bond from Ser L223 does play a key role in the proton transfer to Q B . The movement of the Ser L223 H-bond from Asp L213 to Q B -• serves as the final step in forming an H-bonded chain leading to the protonation of the semiquinone. Several unanswered questions arise from this study. These include the following: What is the rate of the fluctuation of the H-bond? Can H-bond fluctuation be correlated with the gating of electron transfer to Q B ? Future experiments using ENDOR spectroscopy can help to answer these questions.
